1. Introduction {#sec0005}
===============

Parental caregiving is one of the most important environmental factors laying the foundation for emotional, cognitive and behavioral development ([@bib0040]; [@bib0495]). A wide range of animal and human studies postulate that deprivation of parental care early in life has life-long and drastic consequences for development as well as psychiatric outcomes ([@bib0065]; [@bib0135]). However, not only deprivation and harsh parenting but also more subtle variation in the quality of care may alter child developmental outcomes ([@bib0105]). For instance, parental warmth, sensitivity and intrusiveness have been shown to affect the development of temperament, affect regulation and cognitive function (e.g. [@bib0160]; [@bib0280]).

While attachment formation and the parental buffering of early emotional reactivity has been a primary focus of parenting influences, there is increasing evidence for the effects of parenting on executive function (EF), which refers to higher-order cognitive functions used in goal-directed activities. EF skills undergo significant changes during early childhood ([@bib0125]; [@bib0255]), but the foundation for them is laid already in infancy, a developmental period characterized by rapid brain growth ([@bib0195]) and maturation of brain networks relevant for EF ([@bib0180], [@bib0175]). Parenting behavior has been shown to be associated with the development of brain anatomy (e.g. amygdala, hippocampus and cingulate cortex) and connectivity (e.g. default mode, salience and central executive networks) ([@bib0120]; [@bib0155]; [@bib0230]; [@bib0260]; [@bib0290]; [@bib0420]; [@bib0425]; [@bib0480]; [@bib0485]) relevant for cognitive and self-regulatory abilities, particularly EF ([@bib0100]; [@bib0245]; [@bib0260]; [@bib0485]). However, research on parenting and early childhood cognitive development and EF is still accumulating, and the findings have been partially inconsistent. Environmental (e.g. ethnicity, cigarette exposure) and child characteristics (e.g. temperament, physiological reactivity) have been suggested as crucial moderators explaining these inconsistencies ([@bib0160]). Because deficits in EF are cardinal symptoms of several neuropsychiatric disorders ([@bib0310]; [@bib0530]) and EF already in early childhood is a significant predictor of later social and cognitive functioning ([@bib0345]; [@bib0455]), a better understanding of the early environmental determinants of EF is of high clinical relevance.

Interestingly, individuals differ in their degree to which they are amenable to environmental variation such as sensitive parenting ([@bib0035]). Differences in genetic make-up and neural or behavioral phenotypes ([@bib0050]; [@bib0360]) have been shown to underlie interindividual differences in susceptibility. The models of environmental sensitivity ([@bib0395]) include the differential susceptibility ([@bib0055]), the biological susceptibility to context ([@bib0075]), and the sensory processing sensitivity ([@bib0010]) hypotheses which all suggest that more sensitive individuals are not only more vulnerable to adverse environmental conditions (i.e. diathesis-stress, see [@bib0350]), or sensitive to positive characteristics of the environment (i.e. vantage sensitivity, see [@bib0400]) but may be more susceptible to both conditions ("for better and for worse"). There is increasing evidence to support these frameworks ([@bib0035]; [@bib0220]) which may have implications for identifying individuals who are most affected by environmental adversity ([@bib0325]) and in turn, who benefit most from interventions ([@bib0115]).

However, although one of the key assumptions in the environmental sensitivity frameworks is the variability in the underlying neurobiology, the research on the neural correlates of interindividual differences in environmental susceptibility is sparse. Only one recent study has focused on early childhood neurophenotypes underlying susceptibility ([@bib0430]) whereas most existing studies on the brain functional and structural characteristics reflecting differential susceptibility have been conducted in adult or adolescent populations (for instance, [@bib0130]; [@bib0185]; [@bib0460]; [@bib0520]; [@bib0540]). In these studies, the environmental variable of interest functioning as the moderator (e.g., variation in parenting behavior) may also have contributed to the susceptibility marker (i.e., neurophenotype). Even though such development is inevitably a part of the process resulting in interindividual variation in susceptibility over time, we suggest that the use of brain phenotypes characterized at or shortly after birth (at which time they have been only minimally shaped by postnatal environmental influence) as markers of differential susceptibility may shed more light on the neural basis of interindividual variation in susceptibility to the environment.

Regarding cognition and EF as outcomes of interest, studies to date have not focused on neural phenotypes of interindividual variation in susceptibility to the environment. According to a recent meta-analysis, larger brain volume is linked to better cognitive performance across different ages ([@bib0385]). Interestingly, animal studies suggest that a larger brain increases the complexity of behaviors and executive processing specifically (see a summary by [@bib0315]) which may provide adaptation advantage in novel environments ([@bib0200]; [@bib0450]; [@bib0475], [@bib0470]). This pattern may be driven by larger number of (larger) neurons, glial cells, and more gyrification which contribute to better cognitive capacity exposing the individual to tasks that in turn increase the brain size ([@bib0170]; [@bib0215]; [@bib0300]). Furthermore, availability of neurotrophic factors like brain-derived neurotrophic factor (BDNF) and insulin-like growth factors (IGFs) influence brain size at all stages of brain development ([@bib0225]; [@bib0275]; [@bib0375]) and at the same time have implications for neuroplasticity in the postnatal period ([@bib0140]), proposing that brain growth broadly may also contribute to experience-dependent plasticity.

However, previous studies that reported an association between total brain volume and cognitive performance have typically reported modest effect sizes and some inconsistency in the direction of findings, which may be due to the fact that the impact of brain size on cognitive outcomes depends on the environmental context as suggested by the environmental sensitivity frameworks. Thus, overall brain size could be one plausible candidate neurophenotype of susceptibility to the parenting influences in terms of cognitive outcomes in childhood.

Prior research has furthermore emphasized the role of structures implicated in default mode and salience networks in differential susceptibility to the environment ([@bib0220]; [@bib0360]). Studies across age groups have shown that the hippocampus (HC), an early-developing limbic region that supports emotional and memory processes and is part of the salience network ([@bib0550]) is pivotal for susceptibility ([@bib0430]; [@bib0460]; [@bib0520]). HC size is associated with cognitive performance but study results are heterogeneous regarding the direction of the findings ([@bib0150]; [@bib0500]), making HC a possible candidate for susceptibility to parenting in terms of cognition. Furthermore, the anterior cingulate cortex/gyrus (ACC/ACG) is a structure implicated in both interindividual differences in susceptibility ([@bib0220]; [@bib0365]; [@bib0445]; [@bib0540]) and cognitive and executive functioning, specifically in error detection and conflict resolution ([@bib0025]; [@bib0335]; [@bib0405]). ACC is an important hub for the salience network and is responsible for identification of important environmental and interpersonal stimuli ([@bib0330]; [@bib0415]), proposing that it may play a role in the susceptibility to parenting effects.

Thus, based on previous studies suggesting larger TBV as a structure that may benefit cognitive development *and* cross-species adaptation to context, the main focus of this study was to examine whether TBV moderates the association between early parenting and cognitive/EF development. We furthermore conducted exploratory analyses with subregions of interest examining whether the HC and ACG act as moderators of the association between parenting and cognitive/EF development. Maternal sensitivity, which refers to maternal warmth and ability to attune to child emotional states and allow adequate autonomy for the child ([@bib0465]), was used to characterize maternal behavior. We measured cognitive development with a focus on EF in early childhood (at 2 years and at 5 years of age). Magnetic resonance imaging (MRI)-based TBV, HC and ACG volumes were tested as moderators of the association between maternal sensitivity and offspring EF. Based on previous observations ([@bib0430]; [@bib0460]; [@bib0520]), we hypothesized that children with larger neonatal total brain volume (controlled for ICV) and larger HC/ACG (controlled for TBV) would exhibit heightened susceptibility to maternal sensitivity. Furthermore, in line with the differential susceptibility hypothesis, we anticipated that children with larger TBV and HC/ACG volumes would be more susceptible to both high as well as low maternal sensitivity.

2. Materials and methods {#sec0010}
========================

2.1. Participants and procedure {#sec0015}
-------------------------------

The participants were part of a prospective longitudinal study of mother-child dyads conducted at the University of California, Irvine, Development, Health and Disease Research Program (e.g. [@bib0440]), for which mothers were recruited during early pregnancy. For the analyses reported here, those mother-infant dyads were included who provided data for the following assessments: a newborn brain MRI scan at 27.6 ± 13 (M ± SD) days of age, maternal sensitivity assessment at 6.0 ± 0.3 (M ± SD) months postpartum, and child cognitive assessments at 2.0 ± 0.1 (M ± SD, range: 1.9--2.3) years (Y2) and/or at 4.9 ± 0.8 (M ± SD, range: 3.3--7.1) years of age (Y5). The sample comprised of N = 53 children who participated in the assessment of cognitive performance at Y2 and N = 36 children who participated in the assessment of cognitive performance at Y5. The participating mother-infant dyads did not differ from the total cohort of newborns with available MRI scans (N = 86, see e.g. [@bib0355]) in terms of brain structure (total brain, intracranial, grey matter or white matter volume) or in terms of any key sociodemographic and birth outcome variables (e.g., education and birth weight).

Exclusion criteria for the study were maternal use of systemic corticosteroids or psychotropic medications during pregnancy, infant birth before 34 weeks' gestation, and infant congenital, genetic, or neurological disorder. All the children included had APGAR scores \>8 five minutes after birth and weighed \>1800 g. Demographic information is displayed in [Table 1](#tbl0005){ref-type="table"}. The study was approved by the Institutional Review Board at the University of California, Irvine, and all mothers provided written informed consent.Table 1Demographic information for the subsets of children having Y2 and Y5 cognitive outcomes.Table 1Y2 Outcomes N = 53Y5 Outcomes N = 36Mean ± SD or N (%), observed range*Maternal variables*Maternal age in 1^st^ trimester, years28.1 ± 4.927.5 ± 5.9SES index (education and income)3.1 ± 1.03.0 ± 1.0Maternal race/ethnicity Non-hispanic White22 (42 %)14 (39 %) Hispanic White15 (28 %)12 (33 %) Other12 (22 %)9 (25 %) Missing4 (8 %)1 (3 %)Educational level Less than high school2 (4 %)2 (5 %) High school8 (15 %)8 (22 %) Partial college or specialized training25 (47 %)16 (44 %) Associate/Bachelor's degree10 (19 %)6 (17 %) Advanced6 (11 %)4 (11 %)Yearly income per household Below \$15,0006 (11 %)3 (8 %) \$15,000--\$29,99910 (19 %)9 (25 %) \$30,000--\$49,99914 (26 %)10 (28 %) \$50,000--\$100,00017 (32 %)9 (24 %) Over \$100,0005 (9 %)4 (11 %) Missing1 (2 %)1 (3%)*Birth outcomes and child variables*Gestational age at birth, weeks39.0 ± 1.6, 35--4238.9 ± 1.3, 35--42Birth weight (grams)3290 ± 532, 1786--49063300 ± 573, 1786--4906Age at MRI scan, days27.6 ± 12.6, 8--6427.3 ± 13, 8--64Child sex (male)33 (62 %)23 (64 %)Total brain volume (cm^3^)427.86 ± 48.16425.81 ± 50.66Intracranial volume (cm^3^)486.68 ± 58.77486.16 ± 63.05Grey matter volume (cm^3^)262.33 ± 33.22260.77 ± 34.77White matter volume (cm^3^)165.11 ± 18.95165.04 ± 18.98Hippocampal volume, total (cm^3^)2.36 ± 0.272.34 ± 0.27Anterior cingulate gyri volume, total (cm^3^)3.36 ± 0.513.34 ± 0.56M6 Maternal sensitivity10.5 ± 2.6, 5--1510.6 ± 2.6, 5--15Y2 Cognitive performance Working memory (Spin the Pots)8.6 ± 4.2, 3--16 Inhibitory control (Snack Delay)5.3 ± 2.7, 1--9 Set-shifting (MEFS) (N = 33)11.3 ± 4.0, 5--19Y5 Cognitive performance General Abilities Index, z score (N = 27)92 ± 17, ± 57--124 Inhibition (EF Touch Arrows)0.75 ± 0.18, 0.33--1.00 Set-shifting (MEFS), z score98 ± 9, 76--120[^2]

2.2. MRI acquisition and processing {#sec0020}
-----------------------------------

### 2.2.1. MRI data acquisition {#sec0025}

Infants were scanned during natural unsedated sleep using Siemens 3.0 T Scanner (TIM Trio, Siemens Medical Systems Inc., Germany) as previously described ([@bib0355]). T1-weighted images were obtained using a 3D magnetization prepared rapid gradient echo (MP-RAGE TR = 2400 ms, inversion time = 1200 ms, echo time = 3.16 ms, flip angle = 8°, resolution = 1 × 1 × 1 mm, 6.18 min), whereas T2-weighted images were acquired with a turbo spin echo sequence (TR 3200 ms; TE1 13 ms; TE2 135 ms; Flip Angle 180°; 4:18 min). The spatial resolution was a 1 × 1 × 1 mm voxel for T1-weighted images and 1 × 1 × 1 mm voxel with 0.5 mm interslice gap for T2-weighted images.

### 2.2.2. MRI data preprocessing {#sec0030}

Tissue segmentation was performed using a neonate multi-atlas-based (<https://www.nitrc.org/projects/unc>\_brain_atlas/) iterative expectation maximization segmentation algorithm as previously described ([@bib0095]; [@bib0355]). The UNC neonatal multi-atlas was constructed from original and left-right mirrored images of 8 selected neonate datasets with manual expert tissue segmentations. Brain tissue was classified as gray matter (GM), white matter (WM), and cerebrospinal fluid (CSF). The first two tissue types were used to calculate total brain volume (TBV), and the three tissue types were used to calculate intracranial volume (ICV). The ACG was defined by multi-modality (employing both T1 and T2 weighted images) non-linear warping of a newborn average brain atlas to native space via the Advanced Neuroimaging Tools (ANTs) toolkit ([@bib0015]; [@bib0410]). The deformation field was then applied to the parcellation template as in [@bib0205] corresponding to the atlas, and combined with the GM tissue segmentation, resulting in parcellated volumes in native space.

Hippocampus segmentation was performed using a multi-modality, multi-template based automatic method combining T1- and T2-weighted high-resolution images ([@bib0505]) followed by manual correction in ITK-Snap ([@bib0545]) as previously described ([@bib0355]). Manual corrections were performed with data re-aligned, the anterior-posterior direction being positioned along hippocampal long axis. Images were segmented in both original and left-right mirrored presentation to account for asymmetric presentation biases ([@bib0305]) and averaged for the final segmentation. Scan/rescan stability tests conducted in a separate sample set indicated reliable and stable results at coefficients of variance \< 0.4 % for all structures. Reliability for manual correction was established for raters on this dataset via a standard reliability study, in which 5 datasets were triplicated and randomized. These 15 datasets were then segmented automatically and manually corrected by two raters. Correlation coefficients between the two raters and correlation coefficients within the same rater across the same dataset were both high (r \> 0.98).

Finally, the residuals of TBV, intracranial volume (ICV), grey matter volume (GMV), white matter volume (WMV), hippocampus (HC) and anterior cingulate gyri (ACG) were generated to efficiently correct for length of gestation and newborn postnatal age at scan because of their strong association with brain volume (r~partial~ for TBV = 0.52--0.63, p \< 0.001, for ICV = 0.46--0.62, p \< 0.001, for GMV = 0.62--0.66, p \< 0.001, for WMV = 0.24--0.46, p = 0.003--0.083, for HC (r~partial~ = 0.44--0.49, p \< 0.001 and for ACG r~partial~ = 0.27--0.56, p \< 0.001--0.057). Furthermore, because child sex was associated with all brain volumes in the Y2 subsample, it was included in all subsequent analyses.

2.3. Child cognitive outcomes and EF {#sec0035}
------------------------------------

### 2.3.1. Cognitive outcomes at 2 years of age (Y2) {#sec0040}

The Spin the Pots task was used to measure visuospatial working memory ([@bib0265]). The Snack Delay task was used to measure inhibitory control ([@bib0285]). Categorization and set-shifting ability were assessed using the Executive Function Scale for Early Childhood (see reference in Section [2.3.2](#sec0045){ref-type="sec"}), where the child has to shift the sorting strategy of cards according to the varying instructions on a different level (from 1 to 7). For this task, only children passing the practice trials on Level 1 were included in the analyses (N = 33).

### 2.3.2. Cognitive outcomes at 5 years of age (Y5) {#sec0045}

Inhibitory control at this age was measured using a computerized Spatial Conflict Arrows task from EF Touch (<https://eftouch.fpg.unc.edu/>) ([@bib0535]). Set-shifting was measured using age-relevant levels of the Minnesota Executive Functioning Scale, a computerized version of the Executive Function Scale for Early Childhood described in the previous paragraph ([@bib0085]; [@bib0090]). Overall cognitive performance was assessed in a smaller subpopulation of children (N = 28) using the General Abilities Index (GAI) from the Wechsler Preschool and Primary Scales of Intelligence IV ([@bib0510]), which is an index generated from the subscales Information, Similarities, Block Design and Matrix Reasoning.

In all tasks, higher scores reflected better performance.

2.4. Maternal sensitivity {#sec0050}
-------------------------

At 6 months of age, infants and their mothers participated in a 15-minute standardized free play situation that was video recorded and coded afterwards by two trained and reliable observers. For coding of maternal behavior, the manual by NICHD Early Child Care Research Network ([@bib0370]) was used. The maternal sensitivity coded using this paradigm has shown stability across early childhood ([@bib0340]; [@bib0370]). Overall maternal sensitivity was calculated by summing the scales for sensitivity to non-distress, positive regard and intrusiveness (reversed), which were measured on a 5-point Likert scale with higher points reflecting higher amounts of respective maternal behavior. All the scales showed high inter-rater reliability (Cohen's *K* ranging from 0.83 to 1.00, being 0.86 for maternal overall sensitivity).

2.5. Covariates {#sec0055}
---------------

Maternal educational level was reported during pregnancy at the first maternal visit (gestational week 10--12) and was assessed in categories from less than high school to advanced degree \[master/doctorate\] and then recoded into values from 1 to 5. Age at assessment was determined as years from birth date.

2.6. Analytic approach {#sec0060}
----------------------

All cognitive measures were used as separate outcomes across analyses. Based on the preliminary analyses (see the Appendix), the multivariable general linear models testing the interaction of neonatal TBV and maternal sensitivity in predicting each cognitive outcome were controlled for child sex, maternal education and age at the respective assessment (unless cognitive measures were already standardized for age). Next, a sensitivity analysis controlling for age-corrected ICV and then separately for birth weight as additional covariates was conducted to rule out the possibility of newborn head (including cerebrospinal fluid) or overall size, rather than specifically brain volume, underlying the observed associations. The interactions in focus in each set of analyses were corrected using Benjamini-Hochberg method ([@bib0060]) and False Discovery Rate *p* \< .05.

These analyses were followed by a set of post-hoc analyses. Following the prior guidelines on examining differential susceptibility ([@bib0435]), the significant interactions were probed conducting a set of simple slope analyses in Process Macro 3.3 ([@bib0240]) controlling for the same covariates as in the main models and age-corrected ICV. More specifically, it was tested whether maternal sensitivity and child cognitive performance were related at high and low ends of TBV, specifically, at ±1 SD from the mean ([@bib0005]). The figures were generated using the package *ggplot2* ([@bib0525]) in the R Program and the median split of TBV. The median split was only used in illustrating the data. Moreover, the regions of significance analysis for age-corrected TBV ([@bib0435]) was performed as a supplementary analysis to examine the range of maternal sensitivity for which the brain volume and the cognitive outcome are associated (see the Table A3 Appendix).

Additionally, post-hoc analyses were conducted to test whether age-corrected GMV and WMV specifically moderate sensitivity to the early postnatal environment, and whether some specific aspects of maternal sensitivity (intrusiveness, sensitivity to non-distress and positive regard) interacted with neonatal TBV in predicting later cognitive outcomes. Finally, the same procedure described above was repeated for the subregions of interest, HC and ACG controlling for TBV in the analyses.

3. Results {#sec0065}
==========

3.1. Interaction of maternal sensitivity and TBV in predicting child cognitive performance {#sec0070}
------------------------------------------------------------------------------------------

The interaction models are presented in [Table 2](#tbl0010){ref-type="table"}. The interaction of age-corrected TBV and maternal sensitivity significantly predicted Y2 working memory (p = 0.010) and but not set-shifting (p = 0.089) or inhibitory control (p = 0.489). Furthermore, the interaction of age-corrected TBV and maternal sensitivity significantly predicted Y5 general abilities (p \< 0.01), inhibitory control (p \< 0.05) and set-shifting (p \< 0.01). The results remained significant after FDR correction (see [Table 2](#tbl0010){ref-type="table"}).Table 2Multivariable General Linear Models for the Interaction of Newborn Total Brain Volume and Maternal Sensitivity in Predicting Cognitive Outcomes across Early Childhood.Table 2Unstandardized Beta Coefficients (Standard Error)Y2 WMY2 ICY2 SSY5 GAIY5 IC[a](#tblfn0005){ref-type="table-fn"}Y5 SSIntercept4.89 (20.31)1.19 (13.40)1.71 (24.71)67.00 (14.94)0.34 (0.06)93.30 (6.67)Child sex (ref: female)--0.88 (1.26)0.14 (0.81)--0.84 (1.67)0.19 (5.99)0.02 (0.02)--4.61 (2.80)Maternal education (ref: advanced) Less than high school5.26 (3.29)--2.55 (2.17)2.58 (4.17)--7.56 (14.89)0.04 (0.04)--8.13 (6.90) High school0.77 (2.36)3.29 (1.47)−1.18 (2.65)--11.79 (12.48)0.01 (0.03)--7.19 (5.06) Partial college1.51 (1.97)0.83 (1.22)0.34 (2.09)--8.75 (11.30)0.01 (0.03)--9.88 (4.48) Associates or Bachelor's degree3.71 (2.20)0.88 (1.41)2.72 (2.36)--6.58 (12.80)--0.01 (0.03)--10.27 (5.43)Age at assessment[b](#tblfn0010){ref-type="table-fn"}0.03 (0.81)0.06 (0.53)0.21 (0.99)----0.05 (0.01)--TBV~corr~--5.69 (2.30)--1.21 (1.47)--3.30 (2.82)--33.74 (10.87)--0.10 (0.03)--23.07 (5.95)M6 Maternal Sensitivity0.16 (0.24)0.14 (0.15)0.38 (0.26)2.90 (1.06)--0.001 (0.003)1.42 (0.56)TBV~corr.~ × M6 Maternal Sensitivity**0.59 (0.22)**0.10 (0.45)0.45 (0.25)**3.29 (1.03)0.008 (0.003)2.14 (0.57)**P value for the interaction term**0.010**0.4890.089**0.0050.0170.001**FDR-corrected p-value**0.020**0.4890.107**0.0150.0230.006**ƞ²~p~ for the interaction.16.01.12.35.20.34Degrees of freedom in the model49, 652, 633, 628, 536, 636, 5[^3][^4][^5][^6]

### 3.1.1. Sensitivity analyses {#sec0075}

In all models, the significant interactions remained significant after controlling for age-corrected ICV (p = 0.014 for Y2 working memory and p = 0.002--0.012 for Y5 outcomes) or birth weight (p = 0.019 for Y2 working memory and p = 0.002--0.019 for Y5 outcomes) even after FDR correction (all FDR-corrected p values \< 0.019).

3.2. Post-hoc analyses {#sec0080}
----------------------

### 3.2.1. Probing the interactions of TBV {#sec0085}

For Y2 outcomes, maternal sensitivity predicted Y2 working memory (B~49,7~ = 0.85, 95 % CI \[0.19, 1.50\] p = 0.013) when neonatal TBV was large (\>1 SD from the mean) but not when TBV was average or small (p \> 0.05). Regarding Y2 set-shifting, a similar pattern for larger TBV as a moderator was observed (B~33,7~ = 1.00, 95 % CI \[0.19, 1.82\] p = 0.018), even though the main interaction was not statistically significant (p = 0.089).

For Y5 outcomes, maternal sensitivity predicted Y5 inhibitory control (B~36,7~ = --0.011, 95 % CI \[-0.020, -0.002\], p = 0.021) only when neonatal TBV was large (\>1 SD from the mean), and general abilities and set-shifting when TBV was large (for general abilities B~28,6~ = 6.46, 95 % CI \[3.27, 9.67\], p \< 0.001 and for set-shifting B~36,6~ = 2.91, 95 % CI \[1.30, 4.52\], p \< 0.001) or average-sized (for general abilities B~28,6~ = 3.30, 95 % CI \[1.30, 5.30\], p = 0.003 and for set-shifting B~36,6~ = 1.32, 95 % CI \[0.21, 2.43\], p = 0.021) but not when TBV was small (p \> 0.05).

Thus, maternal sensitivity was positively associated with cognitive performance across different tasks and ages only in children who had a large or average but not a small TBV as newborns (see [Fig. 1](#fig0005){ref-type="fig"}).Fig. 1Maternal Sensitivity and Child Cognitive Performance by Small and Large Newborn Total Brain Volume (Based on Median Split).Fig. 1

### 3.2.2. Regions of significance for TBV {#sec0090}

Regions of significance testing using TBV as predictor revealed that most interactions (Y2 WM, Y5 SS, Y5 GAI) supported differential susceptibility hypothesis (see Table A3 in the Appendix). For the other outcomes either vantage sensitivity (Y2 SS) or diathesis-stress models (Y5 IC) were suggested. However, due to the small sample size, the results of these analyses should be interpreted with caution.

### 3.2.3. Grey and white matter and the aspects of maternal sensitivity {#sec0095}

Post-hoc analyses (see Table A4 in the Appendix) exploring brain tissue-specific effects showed that for Y2 set-shifting, only WMV interacted with maternal sensitivity in predicting child performance, while both WMV and GMV interacted with maternal sensitivity in predicting performance in other tasks. Thus, there was limited evidence for specificity of GMV or WMV underlying interindividual differences in susceptibility to parenting. Further, post-hoc analyses revealed that all three components of maternal sensitivity (intrusiveness, sensitivity to non-distress and positive regard) equally contributed to the observed interactions (see the Table A5 in the Appendix).

3.3. Exploratory analyses on the subregions: interaction of maternal sensitivity and HC and ACG in predicting child cognitive performance {#sec0100}
-----------------------------------------------------------------------------------------------------------------------------------------

The detailed results are reported in Table A6 in the Appendix. Regarding Y2 outcomes, the interaction of age-corrected left (p = 0.012) and total HC (p = 0.031) and left (p \< 0.001) and total ACG (p = 0.028) and maternal sensitivity significantly predicted Y2 working memory after controlling for TBV. Further, total (p = 0.006), left (p = 0.002) and right (p = 0.030) HC moderated the association between maternal sensitivity and Y2 set-shifting.

Regarding Y5 outcomes, left (p \< 0.001), right (p = 0.037) and total ACG (p = 0.003) moderated the association between maternal sensitivity and Y5 general abilities. Similarly, left (p = 0.014), right (p = 0.016) and total ACG (p = 0.004) moderated the association between maternal sensitivity and Y5 set-shifting. Furthermore, interaction of left (but not right or total) ACG and sensitivity predicted Y5 inhibitory control after controlling for TBV (p = 0.019). The interaction of the HC and maternal sensitivity did not predict any of the Y5 outcomes.

### 3.3.1. Probing the interactions of HC and ACG {#sec0105}

In line with the TBV findings, the interaction probing suggested that the associations between maternal sensitivity and child cognitive outcomes were detected when the volume in respect was large or average-sized, but not small (see the Appendix section 6).

4. Discussion {#sec0110}
=============

EF and cognitive abilities in general are strongly related to socioemotional adaptation, mental and physical health, emphasizing the importance of understanding the determinants of cognitive and EF development in early childhood. In the current study, we tested whether a broad neonatal brain structural phenotype -- larger total brain volume (TBV) -- contributes to child sensitivity to the early postnatal environment, specifically to variation in maternal sensitivity, in terms of early childhood cognitive and EF. We found that larger neonatal TBV was associated with greater susceptibility to maternal parenting behavior in terms of the performance in almost all cognitive domains at 2 and 5 years of age. Further, the post-hoc analyses primarily suggested that the children with larger neonatal TBV showed better cognitive outcomes when exposed to higher maternal sensitivity in infancy and poorer cognitive outcomes when exposed to lower maternal sensitivity, a finding in concordance with the differential susceptibility hypothesis ("for better and for worse"). Additionally, a set of exploratory analyses revealed that also over and above TBV, larger hippocampus (HC) and larger anterior cingulate gyrus (ACG), regions indicated in the prior literature on differential susceptibility and cognitive functions, contributed to child susceptibility. Specifically, larger HC was related to susceptibility to parenting in terms of better Y2 cognitive performance, and larger ACG contributed to susceptibility in terms of both Y2 and Y5 outcomes. The findings emphasize the importance of quality of parenting for cognitive development, but also the significance of interindividual variation in neonatal neurophenotypes in affecting how amenable children are to parenting influences.

Environmental sensitivity hypotheses ([@bib0395]) -- including differential susceptibility ([@bib0045]), biological susceptibility to context ([@bib0075]) and sensory processing sensitivity ([@bib0010]) models posit that individuals differ in their susceptibility to not only adverse but also to the positive aspects of the environment. This model is typically presented as an alternative to diathesis-stress ([@bib0350]) and vantage sensitivity ([@bib0400]) models, describing the amenability of the individual to only adverse or beneficial characteristics in their environment. This variation in malleability for both better and for worse might make sense from an evolutionary point of view because different degrees of susceptibility provide advantages in different environmental conditions (see a review by [@bib0145]): Individuals with lower responsivity to environmental conditions have advantages under adverse conditions, whereas individuals with greater susceptibility are adept to thrive in optimal environments.

Our findings along with other recent contributions ([@bib0430]) suggest that neonatal neurophenotypes may underlie such interindividual differences in plasticity that allows different degrees of responding to the environment. The findings of this study are also partially in concordance with the wealth of literature showing that a larger brain is related to better cognitive performance ([@bib0385]). Interestingly, however, no consistent main effects of either maternal sensitivity or total brain volume on child cognition were observed in the present study. This further indicates the importance of studying interactions of the environmental quality and neurophenotypes in young children, who are in general more amenable to early environmental exposures ([@bib0320]; [@bib0515]) and in whom the main effects of parenting and brain size on performance may occur later in development along with increasing rank-order stability in cognitive and executive functioning (e.g. [@bib0080]). Further, our findings may provide one possible explanation for the generally modest effect sizes in previous studies focusing on total brain volume and cognitive performance, extending this literature to suggest that a larger brain volume might affect cognitive outcomes through heightened plasticity. However, because the sample size in the present study was small, the interactions detected as well as the type of susceptibility (differential susceptibility, diathesis-stress or vantage sensitivity) needs to be confirmed in the future studies.

Especially convincing is that the interaction of TBV and maternal sensitivity predicted almost all 2-year and 5-year outcomes except two -- inhibitory control and set-shifting at 2 years. The 2-year set-shifting analyses were conducted in a smaller sample of toddlers due to the task characteristics, suggesting that the lack of statistically significant association may be related to low statistical power. Further, for both outcomes, the coefficients were in the same direction as for the pattern of findings in line with the hypothesis. The lack of significant interaction in predicting toddlerhood inhibitory control may also reflect the more emotional, reactivity-driven nature of the Snack Delay task ([@bib0255]) in comparison to the more cognitive tasks used for assessing inhibitory control in early childhood, and other structures than TBV may prove relevant for this type of cognitive functioning. Also, the snack delay was the only task to measure inhibition related to food, with eating inhibition possibly having different underlying neurobiology than other EFs (see e.g. our previous study by [@bib0210]).

The underlying mechanisms of TBV as a contributor to susceptibility are not known. Larger brain is linked with larger number of larger-sized neurons and glia, and brain cell proliferation, neurogenesis, myelination, maturation and differentiation all contribute crucially to the number of neurons and the amount of glia and astrocytes, and eventually, brain size alterations in any of these processes may affect inter-individual differences in environmental sensitivity. Brain-derived neurotrophic factor (BDNF) and insulin-like growth factors (IGF-1 and -2) could play a role in determining susceptibility because they promote all stages of brain development described above ([@bib0275]; [@bib0295]; [@bib0490]) as well as infant neurodevelopmental outcomes ([@bib0190]; [@bib0225]; [@bib0250]). Interestingly, IGFs also affect neuroplasticity postnatally ([@bib0140]), and the BDNF Val66Met polymorphism has been linked to global brain and hippocampal volumes and cognitive performance ([@bib0270]) and susceptibility to parenting in previous studies ([@bib0110]), suggesting a possible pathway linking brain growth, neuroplasticity and cognitive development. Finally, BDNF is reportedly also an important mediator of HC growth, one of our regions of interest, as well as spatial memory performance (e.g. [@bib0150]; [@bib0165]). Correspondingly, in the present study, larger HC was found to moderate the parenting influence specifically on spatial working memory and set-shifting tasks at 2 years.

The findings suggesting that certain individuals may benefit from positive environments more than others in terms of consequences for neurodevelopmental trajectories are well in line with the studies linking larger brain to better cognitive performance across ages. However, the question of why larger TBV (or other larger index structures) would be related to poorer development in a less favorable environment remains open. It is possible that the more malleable children respond to the poorer parenting quality by changing their behavior to match their environment (e.g. showing heightened emotional reactivity or shorter attention span), which in turn results in poorer cognitive outcomes and higher risk for psychopathology ([@bib0145]) later in development. Another interesting perspective into how larger TBV can contribute to abnormal development may be provided by observations in children at high genetic risk for autism spectrum disorders who have been characterized with expansion of cortical surface area and larger TBV in the first years of life. Their larger TBV is assumed to be driven by increased proliferation of neural progenitor cells and associated with altered network connectivity regulating attentional and sensorimotor processes, resulting in abnormal experience-dependent development and later occurring symptoms ([@bib0390]). Although the sample in the present study comprised only typically-developing children, similar neural mechanisms may be involved in shaping how the child is affected by experiences given that the neural networks related to attentional and sensory processing also underlie the variation in susceptibility (i.e., salience and default mode networks). However, what underlies larger brain in the current samples of infants cannot be concluded from the data of the present study.

Finally, our findings are in concordance with the prior literature supporting the role of HC and ACG/ACC, structures implicated in the default mode and salience network, for susceptibility to environment ([@bib0220]; [@bib0360]). The preliminary findings of the present study also support the prior studies in proposing that over and above TBV, larger HC and ACG ([@bib0430]; [@bib0460]; [@bib0520]) may be markers of heightened susceptibility, whereas smaller index regions may underlie lower responsivity to variations in parenting quality. Overall, our study is one of the first to suggest that larger HC and ACG may be relevant for postnatal plasticity to environment also in terms of cognitive development. However, the small sample size did not allow a brain-wide analysis on the specific structures and thus these findings remain preliminary so far.

The findings presented here and previous observations on interindividual differences in differential susceptibility may have important practical implications. Although high quality parenting is generally important for healthy child development, our findings support the prior views suggested by differential susceptibility frameworks that some children may on the one hand be harmed more by poor parenting than others and may on the other hand benefit more strongly from an intervention targeted to enhance parenting and family functioning. In turn, some children may need more intense, lengthy or alternative interventions to acquire and improve cognitive skills that more susceptible individuals acquire easily in a high-quality environment ([@bib0115]). However, much more research is needed on the generalizability of susceptibility to different environmental features in terms of cognitive performance vs. other outcomes and whether the susceptibility to positive environmental features can be also be acquired over time.

Further, to gain a better understanding which neurobiological mechanisms underlie increased environmental susceptibility in individuals born with larger brain volumes in terms of normal and pathological development, controlled experimental studies in animal models aiming at manipulating neurodevelopmental processes that will affect neonatal brain size are warranted. Interestingly, it has been proposed that the prenatal environment may program postnatal susceptibility to environmental conditions including parenting ([@bib0030]; [@bib0235]), with stress-sensitive neurotrophic factors during fetal brain development potentially playing a role ([@bib0250]). We have previously reported that maternal childhood maltreatment was associated with smaller neonatal brain size ([@bib0355]), a phenotype that we here observed to underlie lower sensitivity to parenting quality. This may be considered protective considering the risk of parenting difficulties in women exposed to childhood maltreatment ([@bib0020]; [@bib0070]; [@bib0380]). Therefore, prenatal and genetic determinants of neonatal neurophenotypes affecting postnatal susceptibility are an important avenue for future research. Furthermore, as suggested by recent literature of environmental sensitivity studies characterizing specific structural and functional neonatal brain phenotypes (e.g., size of subregions, maturity of brain circuits), especially those involved in salience and default mode networks ([@bib0220]) and their interactive effects with postnatal experiences will shed light on the mechanisms of environmental sensitivity.

The strength of the current study is the longitudinal follow-up of newborns until childhood using robust indicators of cognitive and executive function. A limitation of the study is the lack of longitudinal brain MRI data given the fact that the trajectories of brain development are central for cognitive development and also psychopathology. Another limitation is the relatively small sample size with an overrepresentation of males; however, the sample had sufficient variability in the measures of neonatal brain volumes, maternal sensitivity, and cognition and the analyses showed a significant interaction between neonatal TBV and maternal sensitivity across the whole range of brain volumes and after controlling for the effects of sex.

5. Conclusions {#sec0115}
==============

We here provide evidence for neonatal TBV, HC and ACG volumes as neurophenotypes that underlie individual differences in susceptibility to maternal sensitivity and predicts cognitive and executive functioning across early childhood. These core functions are typically impaired in psychopathological development, emphasizing the clinical importance of these observations. Our findings further highlight the role of parenting as a predictor of major developmental outcomes, but also the interindividual differences in susceptibility to parenting influences that were related to neonatal brain volume. Further research is needed to identify the specific neural mechanisms as well as the origins of such interindividual differences in plasticity.
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[^2]: All the differences between the samples p \> 0.05.

[^3]: The significant interactions are bolded.
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[^5]: Logarithm-transformed scale.

[^6]: Age at assessment was not included as a covariate in the models where the age-standardized test outcome was used.
